Basic fibroblast growth factor (bFGF) is mitogenic for smooth muscle cells (SMC) and angiogenic. We examined the in vivo effects of bFGF in balloon denuded carotid arteries of laboratory rats. bFGF was administered continuously from polymerbased devices at 34 ng/d into the periadventitial space of rat carotid arteries for 2 wk. Intimal hyperplasia was not observed in the absence of injury or with lipopolysaccharide induced endothelial dysfunction. Different degrees of vascular injury produced proportionally more intimal hyperplasia. bFGF increased the intimal hyperplastic response 1.3-fold with severe vascular injury, and 2.4-fold with more mild injury. Increased cell proliferation, not extracellular matrix production, accounted for these effects. Cell density was unchanged for the control and bFGF-treated groups, and the number of proliferating intimal cells at 2 wk rose to an amount equivalent to the increase in mass; 1.9-and 4.0-fold for severe and lesser injury, respectively. The relative ability of heparin to reduce SMC proliferation was not altered by the presence of bFGF. bFGF also induced profound angiogenesis within and surrounding the polymeric releasing device, and in the vasa vasorum immediately around the injured arteries. bFGF's effect on vasa was linearly related to the amount of SMC proliferation within the blood vessel. Thus, the in vivo mitogenic and angiogenic potential of bFGF are coupled, and may be similarly modulated by the products of local injury and/or factors in the vessel wall. (J.
Introduction
Control ofthe intimal response to vascular injury has been the focus of much recent research. Accelerated atherosclerosis is increasingly being recognized as an important rate limiting factor in angioplasty, vascular bypass surgery and organ transplantation (1, 2) . We have focused on two aspects of this phenomenon; the neointimal proliferation of smooth muscle cells factor (bFGF)' is synthesized by endothelial cells (16, 17) , mac- rophages, and SMCs (18) and is mitogenic for endothelial cells and SMCs (19) (20) (21) , and angiogenic (19, (22) (23) (24) (25) . It is associated with the extracellular matrix and basement membrane (26) (27) (28) (29) . For these and other reasons it has been postulated that bFGF may play an important role in the pathogenesis ofatherosclerotic vascular disease (30) . Lindner and co-workers (31) localized bFGF within the normal rat aorta, demonstrated that rat carotid artery SMC express the mRNA for bFGF, and showed that though SMC proliferation soon after arterial injury was diminished by antibodies to bFGF the ultimate size of the neointimal lesion was left unaffected (32) . Systemic administration of bFGF enhanced endothelial replication and overgrowth 8 wk after denuding injury (33) , and increased SMC proliferation but only in injured carotid arteries (31) . They concluded that "the endothelium may represent an effective barrier for this mitogen and therefore the smooth muscle cells were never exposed to effective concentrations of bFGF."
In this study we have measured the effects of bFGF on the vascular response to injury when the growth factor was applied to the perivascular region of rat carotid arteries. This enabled us to deliver bFGF to medial SMC without removing the endothelial "barrier" and to ask whether there might be some other 1 . Abbreviations used in this paper: bFGF, basic fibroblast growth factor; EVAc, ethylene-vinyl acetate copolymer; I/M, intimal/medial area ratio; PCNA, proliferating cell nuclear antigen; SMC, smooth muscle cell. 2 . We defined vasa vasorum as those vessels residing within a zone one arterial width outward from the adventitia (see Fig. 1 ).
function of the intact endothelium that could account for its inhibition ofbFGF activity. We also extended the examination of the effects of bFGF to include local angiogenesis, as well as intimal hyperplasia and SMC proliferation. Neither intimal hyperplasia nor SMC proliferation was observed with bFGF in the absence ofendothelial denuding vascular injury. In injured arteries bFGF induced an increase in neointimal SMC proliferation and an increase in the microvasculature surrounding the artery. Moreover, there was close correlation between the extent to which bFGF enhanced intimal hyperplasia, and the degree of angiogenesis induced by the growth factor. Thus, it appears that the degree ofbFGF-stimulated neointimal proliferation after arterial injury is linked with bFGF neovascularization of the injured blood vessel.
Methods
Materials. A 2 French Fogarty catheter (American Edwards Laboratories, Santa Ana, CA) was used to induce endothelial injury in male Sprague-Dawley rats (300-500 g; Charles River Breeding Laboratories, Kingston, MA). Heparin-Sepharose beads were from Pharmacia LKB Biotechnology Inc., Piscataway, NJ, and purified human recombinant bFGF corresponding to the 146-amino acid form of the growth factor (30, 34, 35) was from Chiron Inc., Emeryville, CA. Iodinated bFGF was prepared using a modification (34) of the method of Bolton and Hunterwith specific radioactivity ranging from 25 to 100 nCi/ng. Ethylene-vinyl acetate copolymer (EVAc, 40% vinyl acetate, Dupont Co., Wilmington, DE), was washed in distilled water, and then extracted against acetone to remove impurities (36 Microcapsule encapsulation ofbFGF. bFGF was ionically bound to heparin-Sepharose beads encapsulated within calcium alginate microcapsules using a modification ofa technique previously described (37) . This provided a stable platform for the bFGF, enabled prolonged storage, and established a means for the controlled release of bFGF to specific sites in vivo. Heparin-Sepharose beads (3.33 mg/ml) were sterilized under ultraviolet light for 30 min and then mixed with filter sterilized sodium alginate (1.2% wt/vol). The mixed slurry was dropped through a needle into a beaker containing a hardening solution of calcium chloride (1.5% wt/vol). Microcapsules were formed instantaneously as the mixture entered the hardening solution. Uniformly cross-linked capsule envelopes were obtained by incubating the capsules in the calcium chloride solution for 5 min under gentle mixing, followed by 10 min in the solution without mixing. The microcapsules were then washed three times with sterile water and stored in saline containing 1 mM CaCl2 at 4°C for an indefinite period oftime without degradation (37) . Each microcapsule contained 0.5 mg of heparin-Sepharose, 0.36 alginate, and 11 mg of water in its hydrated state. bFGF was incorporated within the microcapsules, after calcium alginate matrix formation and hardening, by incubation in PBS with 0.05% gelatin, bFGF, and trace amounts of'251-bFGF (10 gl per microcapsule) for 16 h under gentle agitation at 4°C. Release kinetics were defined by examining microcapsules residing within a large volume (6 ml per bead) of PBS with 0.05% gelatin under gentle shaking at 370C. The solution was changed on a regular basis and the presence of iodinated tracer was compared to the ability ofreleased bFGF to stimulate thymidine incorporation in BALBc/3T3 cells (38) .
Encapsulation ofheparin and lipopolysaccharide. Heparin and LPS were solvent cast encapsulated within EVAc matrices as previously described (1 1, 36) . Dry powdered drug was added to a solution ofEVAc dissolved in dichloromethane (10% wt/vol) to achieve a final ratio of 33% wt/wt. The drug-polymer suspension was poured into precooled glass molds, removed after hardening, and placed at -20'C and then under vacuum (600 mtorr) for 2 d each. The resultant matrix was a homogeneous dispersion of drug within a porous network of EVAc (36) . Smaller pellets were cut from the larger slabs and coated with a layer of EVAc. Drug release was restrained to emanate from a hole in the coating and near zero-order kinetics obtained in this fashion (11, 39) .
Intimal hyperplasia and SMC proliferation. Endothelial denudation ofthe left common carotid artery in the rats was performed with a 2 French Fogarty balloon catheter (40) . Rats were anesthetized with intraperitoneal sodium Nembutal 0.05 mg/g ofbody weight. A midline incision exposed the distal left common and external carotid arteries. The balloon catheter was introduced into the external carotid artery and passed three times ("3-pass") with the balloon distended sufficiently with air to generate slight resistance. Inflation pressures were monitored and kept constant with a manometer placed in series circuit with the catheter and air supply. To obtain lesser degrees of vascular injury and resultant proliferation in some animals only a single pass (" 1-pass") of the balloon was used. Upon removal of the catheter the external carotid artery was ligated. The contralateral artery underwent identical manipulation save for the introduction of the balloon catheter. Microcapsules and/or matrices were placed adjacent to the arteries and maintained in place by suturing closed fascial planes over the artery (1 1 20 -minimmersion in a solution of200 ml of methanol with 50 ml of 3% hydrogen peroxide. Nonspecific antibody binding was prevented by preincubating the tissues for 20 min with serum (1:10) from species other than those used to raise the primary antibody. The sections were then exposed to the primary antibody to SMC and von Willebrand's factor for 60 min and 90 min for PCNA. Mouse IgG anti-PCNA was used at 1:2,000, mouse anti-SMC actin was used at 1:5,000, and rabbit IgG anti-human von Willebrand's antigen was added at 1:500 and 1:1,000 concentrations. After the sections were rinsed in PBS they were incubated for an additional hour with biotinylated IgG directed against the secondary antibody. Peroxidase labeling was achieved with a 1-h incubation using avidinperoxidase complex. Antibody visualization was established after a 5-min exposure to 0.05% 3,3'-diaminobenzidine in 0.05 M Tris-HCl at pH 7.6 with 0.003% hydrogen peroxide. In other sections antibody visualization was obtained with alkaline phosphatase. After incorpora-tion of the secondary antibody was complete, slides were rinsed and soaked in PBS, incubated for 1 h with ABC-alkaline phosphatase solution, rinsed again with PBS, and exposed to ABC-alkaline phosphatase substrate diluted in 5 ml ofTris-HCl at pH 8.2 for 10-30 min. Sections were counterstained with methyl green or hematoxylin.
Angiogenesis. Cross sections of the retrieved carotid arteries contained the adjacent alginate microcapsule. Staining with von Willebrand's factor antibody enhanced delineation of blood vessels within these capsules. The number and area ofblood vessels were determined using computerized digital planimetry and these were divided by the surface area of the capsule. This provided values for the density of blood vessels in number of vessels per square millimeter, and the average area of neovascular structures within each capsule cross section.
A clear angiogenic response was noted to encircle the artery within a distance equal to the width of the blood vessel wall including the adventitia, media, and neointima. At each point along the circumference of the blood vessel the distance to the lumen was measured and then used to create an external boundary in the opposite direction (see Fig. 1 ). This circumferential analysis corrected for eccentric intimal hyperplasia, or any asymmetry to the final resting state ofthe perfused artery. The blood vessels noted within this boundary were considered vasa vasorum. Computer-aided digital planimetry was utilized to sum their number and area. These calculations were performed for both the native (right) carotid and denuded (left) carotid artery in each animal and the difference reported. This differential technique has been used in determining the net increase in cell synthesis after balloon injury (40) and corrected for interanimal variation in baseline number of microvessels. Vessels outside ofthe bounded area were considered separately, and designated as periimplant angiogenesis and not vasa vasorum ( Fig. 1 Tlme (days) Figure 2 . bFGF release kinetics from alginate microcapsules reveal prolonged zero order release after an initial burst of release in the first 24 h. Cumulative bFGF release is plotted as an absolute amount in nanograms, and as a percentage of the total amount of growth factor incorporated within the alginate microcapsule. Each point represents the mean±SEM for three identical microcapsules. Over the 14-d period of the experiment -500 ng of bFGF was released from the capsules. The growth factor was released biologically intact with retention of 90.2±3.6% of the expected biological activity.
chanical injury was performed with the intent of inducing lesser degrees ofvascular injury (" 1-pass") an I/M of0. 13±0.03 was noted (n = 1 1, Table I and Fig. 4 ). When bFGF was applied to 10 animals injured in this fashion, intimal proliferation was increased 2.4-fold to 0.31±0.04 (blank vs. bFGF, P < 0.002, ANOVA). To examine whether the bFGF mediated increase in intimal mass was the result of additional production of matrix material or an increase in the number of proliferating cells we determined the density ofcells within the intima, and the number of proliferating cells at the time of harvest. Though there was a significant difference in intimal proliferation between the control and bFGF-treated injured blood vessels intimal cell density was unchanged ( Table I ), implying that there was no significant increase in extracellular mass. The number of intimal cells possessing PCNA antigenicity increased equivalently to the increase in intimal area, irrespective of the degree of injury (Table I ). The absolute number of cells staining for PCNA was greatest in those sections obtained from animals subjected to standard (3-pass) ballooned injury. Yet, the relative increase in the number of proliferating cells was greater in those animals subjected to a single passage ofthe balloon when compared to the triple passage-treated animals (1.9-vs. 4.0-fold increase above baseline, P < 0.038). There was no statistical difference in the number of proliferating cells within the media at tissue harvest 2 wk after vascular injury.
Concomitant effect of heparin and bFGF. We have previously demonstrated that perivascular heparin suppresses intimal hyperplasia and SMC proliferation after balloon injury by 83.2% (11) . bFGF has a well-defined affinity for heparin and has been characterized and purified by passage over columns with immobilized heparin (30, 34, 35) . Heparin protects bFGF from degradation and denaturation (41) . To determine whether bFGF might interfere with the ability of heparin to inhibit hyperplasia or whether heparin would potentiate the bFGF effects, the two drugs were administered simultaneously to the perivascular space of five animals. In five different animals bFGF microcapsules were accompanied by blank EVAc matrices. All animals were subjected to endothelial denudation (42, 43) . We chose to examine whether endothelial injury by LPS in the absence of mechanical injury might permit bFGF-stimulated SMC proliferation. EVAc matrices containing LPS were placed adjacent to the left carotid artery of five rats, and blank EVAc matrices placed on the right. All LPS-treated arteries demonstrated a marked increase in permeability to Evan's blue, and rich vascularization in the area ofthe EVAc matrix, but no detectable intimal proliferation. bFGF had no additional affect on these arteries in the presence of LPS. Alginate microcapsules containing bFGF were placed adjacent to both ofthe carotid arteries in a separate set offive animals treated as above. Thus, the left carotid artery was subjected to the simultaneous sustained release ofLPS and bFGF from two different devices, while the right artery was surrounded by both a blank EVAc matrix and a microcapsule releasing bFGF. None ofthe arteries displayed any neointimal proliferation, alteration in staining for SMC actin, or difference in the angiogenic response to LPS. The number ofmicrovasculature per square millimeter surrounding arteries treated with the blank EVAc matrix and bFGF was 11.4+1.6, and around those receiving LPS and bFGF, 11.8±2.7 (P = NS, ANOVA).
Angiogenic effect ofreleased bFGF. The angiogenic potential of bFGF is well documented. Implanted sponges, gels or beads soaked in bFGF were richly and rapidly vascularized (19, (22) (23) (24) (25) . We counted the number of blood vessels within the alginate microcapsules (Fig. 1) , containing heparin-Sepharose alone or heparin-Sepharose and bFGF, and measured the areas of these blood vessels as well. While there were virtually no blood vessels within the control microcapsules without bFGF (Table II) , those microcapsules that contained and released the growth factor were heavily vascularized (Table II) . Alginate capsules with bFGF contained 6.9 times the number of blood vessels as their blank counterparts. Moreover, the area of the blood vessels within the bFGF laden capsules was 2.9 times greater than the area of corresponding blood vessels in the blank capsules. This specific angiogenic effect of bFGF was independent of the degree of injury, as there was no statistical difference between the number or area of vessels in microcapsules laid adjacent to noninjured, "l-pass"-injured, or "3-pass"-injured blood vessels. Thus, bFGF induced growth of more abundant and larger blood vessels within the alginate In contrast in the area immediately surrounding the carotid artery bFGF neovascularization was dependent on the amount of neointimal hyperplasia. Blood vessels were counted within a width of the carotid artery's wall, including the media and neointima, and termed vasa vasorum (Fig. 1) . The number of vasa discovered surrounding the left, balloon-injured, carotid artery was subtracted from the number ofvasa surrounding the uninjured, right carotid artery. At every level of injury there were more vasa in the bFGF-treated group. With increasing injury the difference in vasa counted in the treated and untreated groups rose. In the series of animals treated with bFGF there was linear relationship between the number of vasa and the extent of intimal hyperplasia (slope = 13.5, R2 = 0.993, P = 0.008). In the control treated animals a linear relationship was also observed, but there was no statistical significance between the number of vasa at different points (slope = 3.0, R2 = 0.959, P = NS).
Endothelial regeneration. (19) (20) (21) , and is intensely angiogenic (19, (22) (23) (24) (25) . Intravenous infusion of bFGF stimulated endothelial regeneration (33) and SMC proliferation (31) after balloon-induced endothelial denudation. The effect on SMC was noted only in the presence of endothelial denudation. It was concluded that the endothelium may serve as a barrier preventing contact of the mitogen, bFGF, with the target, intimal SMC (31) . We confirmed that bFGF was both angiogenic and mitogenic for SMC in vivo, and demonstrated that these two effects were coupled. These phenomena, and the absence ofintimal hyperplasia in the nondenuded blood vessel exposed to bFGF from the periadventitial aspect of the blood vessel, may indicate that the endothelium may be serving as more than a physical barrier and lends further support to the hypothesis that the endothelium is chemically inhibiting SMC proliferation in the quiescent state.
Neointimal hyperplasia, SMC proliferation, and bFGF. bFGF is a complex growth factor with a myriad of potential vasoactive activities. Its ability to stimulate growth of cells and vascular tissues may involve both direct and indirect mechanisms. Platelet aggregation (44) and vascular tone (45) are both increased by this growth factor. We have confirmed that bFGF's growth stimulatory activity on SMC in vivo seemingly requires loss of endothelium. When arterial injury was performed with three passes ofthe inflated balloon catheter, bFGF induced a 1.3-fold increase in the intimal mass. If lesser baseline injury was obtained the net increase was 2.4-fold. PCNA positivity and cell density indicate that the net increase in intimal mass was the result ofcell proliferation, and not simply an increase in extracellular matrix. The density of cells per unit intimal area remained constant indicating no increase in noncellular elements, and the number of proliferating cells increased on the same order of magnitude as the increase in intimal mass. As with the increase in intimal mass the relative increase in the number of proliferating cells within the intima ofthe lesser injured arteries was approximately twofold greater than with injury that induced greater baseline hyperplasia.
These data suggest that the in vivo mitogenic potential of bFGF for SMC is complex: present only with preexistent endothelial denudation but relatively more effective at lower levels of endothelial and SMC injury. These observations might explain why bFGF, while ubiquitous, does not cause significant angiogenesis or SMC proliferation in the quiescent state. Some have proposed that the endothelium may serve as a mechanical barrier for bFGF (31) . Others have hypothesized that local injury is required for the release ofbFGF or the removal ofbFGF inhibitors (26) (27) (28) 34) . We believe that our study lends further support to the latter hypothesis. Progressive balloon injury may remove increasingly more bFGF inhibitor, such as endothelial associated heparan sulfate, or free more endogenous bFGF, permitting SMC proliferation and inducing an angiogenic signal. These observations and hypotheses do not infer that all SMC proliferation is blocked in the presence of endothelium, and do not preclude SMC proliferation even in our model beyond the limit ofthe sensitivity ofour immunocytochemical assay or at some period of time other than during which we examined the arterial sections. Furthermore, one cannot even say with certainty that endothelial loss alone is the causal factor for SMC replication after balloon injury. It is possible that a multitude of vascular effects are induced by the balloon catheter, only one of which is endothelial denudation. Because the endothelium produces a factor known to inhibit smooth muscle cell proliferation, it is easy to speculate that alterations in the metabolism of this factor are responsible for alterations in the intimal hyperplastic response to vascular injury. Endothelial denudation, however, may only be an epiphenomenon accompanying some other event. Increased SMC proliferation itself might be accompanied by the increased production of as yet undefined factors that potentiate the binding or activity of bFGF. The exposure of basement membrane with increasing amounts of vascular injury might also play a role by exposing bFGF to circulating cells and/or secreted factors (26-29, 34, 46, 47) .
"Minimal" vascular injury has been used to examine a number ofelements ofthe blood vessel biology (48) (49) (50) . When vascular endothelial cell removal was accomplished without apparent effect on the media no SMC proliferation was noted in the blood vessel wall. This suggested that neointimal proliferation is determined not so much by endothelial injury but rather by the extent of damage to the SMC containing media (48) (49) (50) . Dilating injury ofthe rat carotid artery increased intimal hyperplasia five times more than denuding injury (5 1), and the degree of dilation was an important determinant of the extent of proliferation (51, 52) . In our experiments single passage ofthe inflated balloon denuded the artery of endothelium and reproducibly produced only 13 .5% of the increase in intimal mass as with three passes ofthe balloon catheter. Yet, both I/M and PCNA positivity showed a greater bFGF responsiveness in comparison to corresponding controls in the lesser injured blood vessels. The I/M after single-pass injury was 1.9-fold higher than that observed after triple injury, and the PCNA positivity was 2. 1-fold increased. It is possible that the more severe form ofballoon injury induces a maximal or nearmaximal SMC response and only marginal additional stimulation can be achieved after that. When lesser degrees of injury were induced, as with a single pass ofthe balloon, the vascular SMC might then have been more amenable to growth promotion.
In the other extreme, periadventitial release ofLPS induced a "minimal" injury with marked increase in vascular permeability without loss of endothelium. Administration of bFGF to arteries treated in this fashion induced no intimal proliferation, increased neovascularization or alteration in the medial SMC. The administration ofLPS alone also had no effect. Variable effects on vascular healing have been reported with LPS in the past. Reidy et al. (42) noted that intravenous injections of LPS enhanced endothelial cell replication without change in endothelial cell density or SMC proliferation (42) . In contrast, Prescott et al. (43) wrapped a LPS soaked suture and a "cleaned" artery within a polyethylene film, and observed intimal SMC proliferation, and micro-vascular propagation within the adventitia. It is possible that "cleaning" or wrapping the artery releases a signal necessary for LPS induction ofSMC proliferation, and that bFGF relies on the SMC themselves or the signal that drives their proliferation to generate specific bFGF mitogenic and angiogenic effects.
Heparin and bFGF. Heparin has a remarkable range of physiologic effects. The intravenous (3, 10) and periadventitial (1 1) administration of heparin suppresses SMC proliferation after balloon arterial injury. In addition, bFGF has a well-defined affinity for heparin and has been characterized and purified by passage over columns with immobilized ,heparin (30, 35, 53) . Heparin prevents losses in bFGF activity that accompany changes in pH, elevation in temperature, or chemical processes that lead to denaturation (41) . Thus, one might observe either mutual inhibition or potentiation with the concomitant use of these compounds. In fact, heparin suppressed intimal hyperplasia and SMC proliferation when co-administered with bFGF to an identical extent as when bFGF was not present (1 1). This may be related to the relative doses of the two drugs. We utilized milligram quantities ofheparin, as this is the dose range that inhibits SMC proliferation after injury, and nanogram to microgram quantities of bFGF. Equimolar concentrations ofheparin and bFGF may have far different effects. Similarly, Sepharose-immobilized heparin may stabilize bFGF sufficiently with little benefit from additional heparin. It should be noted, however, that little to none of the immobilized heparin is released from the alginate capsules (37) , and that alginate capsules without bFGF did not alter intimal hyperplasia or SMC proliferation.
Perivascular angiogenesis. The angiogenic potential of bFGF is well documented. In our experiments it appears that this phenomena may have two distinct components. First, angiogenesis in areas of highest bFGF concentration, within the controlled release device and immediately surrounding it, was not related to intimal hyperplasia within the adjacent blood vessel. This is the type of angiogenesis described previously (19, (22) (23) (24) (25) . In the presence of moderate concentrations of bFGF and proximity to an injured artery a second type of vascular response was noted. The microvasculature generated was concentrated within a zone equal to the width of the blood vessel wall, including the neointima. However, unlike the angiogenesis within the capsule and surrounding tissue, the number of perivascular vessels increased as the degree of injury increased in the local carotid artery. These vessels fit the classical definition of vasa vasorum, which grow in reaction to an increase in arterial wall thickness beyond a width that can be nourished by luminal perfusion. As such it is not entirely surprising that they are controlled by the state of the larger vessel. Though the linkage between angiogenesis and mitogenesis seems clear, it is not evident whether one drives the other. It is intriguing, for example, that blocking angiogenesis might block intimal hyperplasia, and vice versa. Yet, it may be difficult to isolate one effect from the other as many agents that exhibit an effect on one of these axes have also been reported to possess activity on the other axis.
Periadventitial bFGF release. The in vivo half-life of bFGF has been estimated to be in the range of 2-4 min (54) , and this growth factor is remarkably prone to denaturation and degradation (41, 47) . As a result a variety of investigators have used some form of controlled administration to sustain release and limit the amount of bFGF used (24, 25, 55) . Alginate microcapsules were used in our experiments because release kinetics could be tailored (37) and prolonged (Fig. 2) . Other systems tend to release the bulk of the bFGF within the first 96 h. The alginate microcapsules delivered 1/300th the amount of bFGF infused in intravenous studies (33) which may account for differences in data. Direct application to the periadventitial space may also have influenced our results. The adventitia is rich in perivascular structures which have been suggested to provide access to or control of the media and intima (12) (13) (14) (15) . In addition, the rich vascularization surrounding the intimal hyperplastic lesion may permit more efficient exposure of the cells to the growth factor. We have previously defined the release kinetics for this type of administration. Normal and denuded arteries were exposed in a circumferentially symmetric fashion to compounds, of similar molecular weight to bFGF, released in this manner (1 1). Hence, it may well be that bFGF is most effective when administered in the perivascular region of the injured blood vessel rather than in a manner that would require transit through the entire vascular system first.
Thus, it seems that mitogenic and angiogenic effects ofexogenous bFGF on the injured artery are linked. These individual responses and the extent of their correlation are related to the amount ofinjury to the involved blood vessel. The bFGF stimulation of neovasculature and neointima was greatest when lesser baseline injury was applied to the blood vessel, but only if the injury was significant enough to denude endothelium. If the endothelium was left intact or simply made highly permeable there was no effect of the growth factor. The coupling of the angiogenic and mitogenic responses to vascular injury suggests a synergistic effect between the growth factors that are produced, secreted, or bound to the blood vessel wall, and the SMC that proliferate there. Perhaps modulation of one response might be used to control the other.
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